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Recently the concept of nondegenerate Bell inequalities was proposed to quantify unknown bipar-
tite quantum entanglement experimentally, which is a semi-device-independent approach and the
only information that has to be known beforehand is quantum dimension. In this paper, we show
that this concept can also be applied on multipartite quantum systems. Specifically, by justifying
the existence of nondegenerate multipartite Bell inequalities and proving a continuous property of
the geometric measure of entanglement, we show that for arbitrary unknown multipartite quantum
states, this entanglement measure can be lower bounded in a semi-device-independent manner, as
long as the underlying quantum nonlocality is sufficiently strong. As a demonstration, we apply
our approach on 5-partite qubit systems with the MABK inequality, and show that nontrivial lower
bounds for the geometric measure of entanglement can be obtained if the Bell expression value is
larger than 3.6, where the Tsirelson bound is 4.
I. INTRODUCTION
Quantum entanglement plays a fundamental role in
quantum physics and quantum information, where it of-
ten serves as the key factor in physical effects or key
resource in information processing tasks [1, 2]. There-
fore, how to certify the existence of quantum entangle-
ment and even quantify it in physical experiments are
two important problems. However, due to the imper-
fection of quantum operations and inevitable quantum
noise, fulfilling these two tasks reliably is extremely chal-
lenging. As a result, though some methods like entan-
glement witnesses have been applied widely in quantum
laboratories [3], they usually depend heavily on accurate
knowledge on involved quantum systems, and possibly
give incorrect results when it is not fully available [4].
In the meanwhile, some other methods, like quantum to-
mography, consume too much resources, making it hard
to apply them on large systems [5, 6].
To overcome these difficulties, a promising idea is to
design protocols for these tasks in such a way that be-
forehand assumption needed on involved quantum sys-
tems, particularly on the precisions of quantum devices
or quantum operations, is as little as possible, which al-
lows us to draw reliable conclusions on quantum entan-
glement that we are interested. Following this idea, var-
ious device-independent approaches have been proposed
to tackle the problem of characterizing unknown quan-
tum entanglement [7–11]. The key idea of these ap-
proaches is that the judgements are only based on quan-
tum nonlocality that we can observe in quantum labo-
ratories reliably, where one has to build nontrivial rela-
tions between quantum nonlocality and the aspects of
quantum entanglement that we want to know. Indeed, a
lot of interesting results of this kind have been reported
or even demonstrated to certify the existence of genuine
multipartite entanglement [12–18].
If only focusing on the issue of quantifying unknown
quantum entanglement experimentally, a lot of results
have also been reported under the idea of device-
independence [19–23]. For example, inspired by the
Navascues-Pironio-Acin (NPA) method [24], in Ref.[21]
a device-independent approach to quantify the nega-
tivity, a measure of entanglement [25], was provided.
In Ref.[20], based on the idea of semiquantum nonlo-
cal games [26], an approach that quantifies negative-
partial-transposition entanglement was reported, where
one does not have to put any trust onto measurement
devices. In Ref.[22], a new method with excellent perfor-
mance was proposed to characterize the quantitative rela-
tion between entanglement measure and Clauser-Horne-
Shimony-Holt inequality violations.
Particularly, in Ref.[23] another general approach that
is able to provide analytic results on entanglement mea-
sures, like the entanglement of distillation and the en-
tanglement of formation, was proposed. Basically, this is
a semi-device-independent approach, where the only as-
sumption that we have to make beforehand is quantum
dimension, and the key idea of this approach is introduc-
ing the concept of nondegenerate Bell inequalities, which
plays a crucial role in providing nontrivial information
on the purity of target quantum states. As a result,
the purity information allows us to quantify the target
entanglement by somehow lower bounding coherent in-
formation, which is known to be a lower bound for the
entanglement measures that we are interested [27]. How-
ever, an apparent drawback of the approach in Ref.[23]
is that it only works for bipartite entanglement.
In this paper, we continue looking into the concept of
nondegenerate Bell inequalities. We will show that it can
also contribute to quantifying multipartite quantum en-
tanglement in a semi-device-independent manner, where
the measure we choose is the well-known geometric mea-
sure of entanglement (GME) [28, 29]. More concretely,
given statistics data of Bell experiments, like in the bi-
partite case, we apply a proper nondegenerate Bell in-
equality onto the statistics data to estimate the purity of
the target quantum state. Next, combined with a con-
tinuous property of GME we prove here, we show that
a lower bound for the GME of the target quantum state
can be obtained. To achieve this, we need to justify that
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2the Bell inequality we use is indeed nondegenerate.
As an application of our approach, we show that the
Mermin-Ardehali-Belinskii-Klyshko (MABK) inequal-
ity [30–32] is nondegenerate for qubit systems, and then
we demonstrate that nontrivial lower bounds on the
GME of tripartite quantum entanglement can be ob-
tained when the violation of the MABK inequality is
large enough.
II. PRELIMINARIES
The geometric measure of entanglement is a well-
known measure for multipartite quantum entanglement.
Suppose |ψ〉 is a pure state of a joint system composed by
n subsystems. Define G(|ψ〉) to be the maximal overlap
between |ψ〉 and a product pure state, that is to say,
G(|ψ〉) = sup
|φ〉∈sepn
|〈ψ|φ〉|, (1)
where sepn is the set of n-partite product pure states.
Then for |ψ〉, its geometric measure of entanglement is
defined to be
EG(|ψ〉) ≡ 1−G(|ψ〉)2. (2)
For a mixed state ρ of this joint system, the geomet-
ric measure can be defined by convex roof construction,
which is
EG(ρ) ≡ min
ρ=
∑
i pi|ψi〉〈ψi|
∑
i
piEG(|ψi〉). (3)
It is well-known that mathematical characterizations of
multipartite quantum entanglement, especially the quan-
tification, is a notoriously hard problem. However, it
turns out that the geometric measure of entanglement
is a quite successful measure, and has many nontrivial
applications in quantum physics and quantum informa-
tion, for example quantifying the difficulty of multipar-
tite state discrimination under local operations and clas-
sical communications (LOCC) [33], constructing entan-
glement witness [29, 34], characterizing ground states of
condensed matter systems and detecting phase transi-
tions [35, 36], and so on. Therefore, it will be very nice
if we can quantify the GME reliably in quantum labora-
tories.
Bell inequalities are another crucial tools in the cur-
rent paper, and in history they played a key role in the
development of quantum mechanics [37]. In a so-called
k-partite Bell settings, k space-separated parties share a
physical system. Each party, say i ∈ [n] ≡ {1, 2, ..., n},
has a set of measurement devices labelled by a finite set
Xi, and the corresponding set of possible measurement
outcomes are labelled by a finite set Ai. Without com-
munications, all parties choose random measurement de-
vices from their own Xi to measure their subsystems re-
spectively, and record the outcomes. By repeating the
whole process for sufficient times, they find out the joint
probability distribution of outcomes for any given choices
of measurement devices, denoted p(a1a2...an|x1x2...xn),
where xi ∈ Xi and ai ∈ Ai.
For simplicity, we call the above joint probability dis-
tribution a quantum correlation, and write it as p(~a|~x)
(or just p if the context is clear), where ~a = (a1a2...an)
and ~x = (x1x2...xn). Then a (linear) Bell inequality is a
relation that p(~a|~x) must obey if the system is classical,
and it can be expressed as
I(p) =
∑
~a,~x
c~a~xp(~a|~x) ≤ Cl, (4)
where for any ~x and ~a, c~a~x is a real number.
However, a remarkable fact on quantum mechanics is
that, if the shared physical system is quantum, Bell in-
equalities can be violated. Suppose the shared quantum
state is ρ, then according to quantum mechanics p(~a|~x)
can be written as
p(~a|~x) = Tr
((
n⊗
i=1
Maixi
)
ρ
)
, (5)
where for any i and xi, Maixi is the measurement oper-
ators with outcome ai for the measurement with label
xi performed by the i-th party. For convenience of later
discussions, we let
I(ρ,Ma1x1 , ...,M
an
xn ) ≡
∑
~a,~x
c~a~xTr
((
n⊗
i=1
Maixi
)
ρ
)
. (6)
Then the above Bell inequality can be rewritten as
I(ρ,Ma1x1 , ...,M
an
xn ) ≤ Cl. (7)
As mentioned above, if we let
Cq ≡ max I(ρ,Ma1x1 , ...,Manxn ), (8)
where the maximum is taken over all possibilities of ρ and
Ma1x1 , ...,M
an
xn , then it is possible that Cq > Cl, indicat-
ing that quantum systems are able to produce stronger
correlations than classical ones.
In the joint quantum system, suppose the dimensions
of the subsystems are d1, d2, ..., dn respectively, then we
call the vector ~d ≡ (d1d2...dn) the dimension vector of
the joint system. In this paper, we will be interested in
the maximal value of Bell expression I(ρ,Ma1x1 , ...,M
an
xn )
for fixed dimension vector ~d. Similar with Cq, we denote
it as Cq(~d).
In this paper, in order to demonstrate our approach
to quantify multipartite entanglement, we will use the
MABK inequality as an example [30–32]. For an n-
partite quantum system, we let Xi and Ai be binary sets,
then the corresponding MABK inequality reads
3IMABK,n(p) =
(
1√
2
)n−1 ∑
(x1,··· ,xn)∈{0,1}n
∑
(a1,··· ,an)∈{0,1}n
sin
(
(3− n)pi
4
+
(
n∑
i=1
(xi + 2ai)
)
pi
2
)
p(a1 · · · an|x1 · · ·xn)
≤ 1.
III. NONDEGENERATE BELL INEQUALITIES
FOR MULTIPARTITE QUANTUM SYSTEMS
The concept of nondegenerate Bell inequalities for bi-
partite quantum systems was proposed in Ref.[23]. We
now generalize it to multipartite case in a straightfor-
ward way, and later we will see that this generalization
is reasonable.
Definition 1 Suppose I ≤ Cl is a Bell inequality for
an n-partite quantum system with dimension d1 × d2 ×
...× dn. We say it is nondegenerate on dimension vector
~d = (d1...dn), if there exist two real number 0 ≤ 1 <
2 ≤ Cq(~d), such that for any two quantum states of this
system, |α〉 and |β〉 with 〈α|β〉 = 0, and any quantum
measurement sets Ma1x1 , ...,M
an
xn , the relation that
I(|α〉〈α|,Ma1x1 , ...,Manxn ) ≥ Cq(~d)− 1
always implies that
I(|β〉〈β|,Ma1x1 , ...,Manxn ) ≤ Cq(~d)− 2.
Roughly speaking, if I is a nondegenerate Bell inequal-
ity on dimension vector ~d, then for any two orthogonal
quantum states with this size, at most one of them is able
to violate I remarkably.
We further let
M =
∑
~a,~x
c~a~x
(
n⊗
i=1
Maixi
)
,
then it can be seen that M is a Hermitian operator.
And for any ρ with dimension vector ~d, it holds that
I(ρ,Ma1x1 , ...,M
an
xn ) = Tr(ρM). Similar with the bipartite
case, we now make the following useful definition, which
helps us to certify the nondegeneracy of multipartite Bell
inequalities.
Definition 2 Suppose ~d is the dimension vector. Let
λ1(M) ≥ · · · ≥ λr(M) be the eigenvalues of M , where
r = d1 × · · · × dn. For any integer t with 1 ≤ t ≤ r,
define
C(I, ~d, t) ≡ max
t∑
k=1
λk(M),
where the maximum is taken over all possible local quan-
tum measurements.
According to the above definition, we immediately
have that Cq(~d) = C(I, ~d, 1). Furthermore, the follow-
ing important fact on bipartite Bell inequalities is also
valid for multipartite case, and the proof can be seen in
Ref.[23].
Lemma 1 Let I be a multipartite Bell inequality, and ~d
is a corresponding dimension vector. Then I is nonde-
generate if and only if C(I, ~d, 2) < 2C(I, ~d, 1). Further-
more, when I is nondegenerate, the parameters can be
chosen by the relations 1 < C(I, ~d, 1) − 12C(I, ~d, 2) and
1 + 2 = 2C(I, ~d, 1)− C(I, ~d, 2).
To illustrate the concept of nondegenerate Bell expres-
sions, we consider the MABK expression over qubits.
In fact, the nondegeneracy property of this inequality
has been observed in Ref.[38], where it was proved that
the first two eigenvalues of the Bell operator satisfy
λ21(M) + λ
2
2(M) ≤ 2n−1. This implies that if λ1(M) >
2n/2−1, we have
λ2(M) ≤
√
2n−1 − λ21(M) < λ1(M),
which indicates C(I, ~d, 2) < 2C(I, ~d, 1). In the mean-
while, it is known that the maximal value that λ1(M)
can achieve is 2n/2−1/2, where the corresponding state
can be the n-qubit Greenberger-Horne-Zeilinger (GHZ)
state |GHZ〉 = 1√
2
(|0〉⊗n+ |1〉⊗n) [30–32]. Therefore, the
MABK expression is nondegenerate over qubits.
IV. QUANTIFYING MULTIPARTITE
ENTANGLEMENT
In this section, we show how the concept of nondegen-
erate Bell inequalities allows us to quantify multipartite
entanglement in a semi-device-independent manner. The
approach is composed by three steps as below.
A. The maximal overlap with product pure state
Suppose ρ is the global state that produces the quan-
tum correlation p(~a|~x). Let the underlying measurements
4be Ma1x1 , ...,M
an
xn ; that is,
p(~a|~x) =tr
((
n⊗
i=1
Maixi
)
ρ
)
.
Now, since a crucial component in the definition of GME
is the maximum overlap
G(|ψ〉) = max
|φ〉∈sepn
|〈φ|ψ〉| = max
|φ〉∈sepn
F (|φ〉, |ψ〉)
where F is the fidelity, we wish to quantify the related
fidelity
max
|φ〉∈sepn
F (|φ〉〈φ|, ρ) = max
|φ〉∈sepn
√
〈φ|ρ|φ〉
in a fully device-independent manner. In this subsection,
we illustrate the fidelity quantification with sepn being
the set of product pure states; it is readily generalizable
to the case where sepn equals to the set of k-separable
states by merging systems accordingly.
Suppose |φ〉 ∈ sepn is the state that maximizes
F (|φ〉〈φ|, ρ). Let q∗(~a|~x) be the correlation produced
by |φ〉 upon measurements Ma1x1 , ...,Manxn . Since |φ〉 is
a product pure state, the correlation q∗ is a product
correlation; that is, there exists probability distributions
q∗i (ai|xi) such that
q∗(~a|~x) =
n∏
i=1
q∗i (ai|xi).
Now, when ρ and |φ〉 are measured, the fidelity between
them should increase [2]; that is, for any ~x the result-
ing probability distribution p~x ≡ p(·|~x) and q∗~x ≡ q∗(·|~x)
satisfy∑
~a
√
q∗(~a|~x)p(~a|~x) = F (q∗~x, p∗~x) ≥ F (|φ〉〈φ|, ρ),
hence
min
~x
F (q∗~x, p~x) ≥ F (|φ〉〈φ|, ρ).
Since q∗ is a product correlation, we have
max
q
min
~x
F (q~x, p~x) ≥ F (|φ〉〈φ|, ρ),
where the outmost maximization is over product corre-
lations q and q~x ≡ q(·|~x). By the max-min inequality, it
holds that
min
~x
max
q
F (q~x, p~x) ≥ max
q
min
~x
F (q~x, p~x),
then we have
min
~x
max
q
F (q~x, p~x) ≥ F (|φ〉〈φ|, ρ).
Then by numerical calculations on the correlation data,
we can get an upper bound on the fidelity between the
target state and a pure product state. For example, once
~x is fixed, the inner maximization can be computed us-
ing symmetric embedding [39] and the shifted higher-
order power method (SHOPM) algorithm [40], yielding a
correct answer up to numerical precision with very high
probability (see also Ref.[41]).
B. Estimating the purity
Recall that ρ is the global state that generates the
quantum correlation p(~a|~x). It would be ideal for the
quantification of GME if ρ is a pure state, since com-
puting GME for a mixed state requires complicated op-
timization over ensembles. Therefore, we wish to bound
the purity of ρ, defined as Tr(ρ2), from below. As we shall
see in the following, this will be accomplished using the
nondegeneracy property of multipartite Bell inequalities.
Let ρ =
∑
i ai|ψi〉〈ψi| be the spectral decomposition
of ρ. The following proposition enables conversion from
high Bell expression value to high purity. It was first
given in Ref.[23]; we restate it here in order to be self-
contained.
Proposition 1 Suppose I is a nondegenerate Bell ex-
pression with parameters 1 and 2 satisfying 0 ≤ 1 < 2.
If I(ρ,Ma1x1 , ...,M
an
xn ) ≥ C(I, ~d, 1) − 1, then there is a
component ai of ρ with ai ≥ 1− 1/2.
Proof Since I(ρ,Ma1x1 , ...,M
an
xn ) ≥ C(I, ~d, 1) − 1, there
is i such that I(|ψi〉〈ψi|,Ma1x1 , ...,Manxn ) ≥ C(I, ~d, 1)− 1.
Thus, by nondegeneracy of I, we have
C(I, ~d, 1)− 1 ≤I(ρ,Ma1x1 , ...,Manxn )
=
∑
j
ajI(|ψj〉〈ψj |,Ma1x1 , ...,Manxn )
≤aiC(I, ~d, 1) +
∑
j 6=i
aj(C(I, ~d, 1)− 2)
=aiC(I, ~d, 1) + (1− ai)(C(I, ~d, 1)− 2).
This implies that ai ≥ 1− 1/2, as desired.
Since the order of eigenstates in the spectral decom-
position is arbitrary, for convenience we now relabel the
index i found above to 1, then it holds that a1 ≥ 1−1/2.
This allows us to lower bound the purity, but what we
really need is actually the bound for a1.
C. The continuity of geometric measure of
entanglement
In the previous steps, we obtained a lower bound for a1
in the spectral decomposition of ρ and an upper bound
(denoted as Fˆ ) for F (|φ〉〈φ|, ρ) = √〈φ|ρ|φ〉 among all
product pure states |φ〉. Since GME is extended to mixed
states via convex roof construction and the maximum
overlap is continuous over pure states, it follows that
GME is continuous. This allows conversion from Fˆ to
a lower bound for the GME of ρ when Fˆ is sufficiently
small and a1 is sufficiently high. The following proposi-
tion captures the continuity of GME so that the conver-
sion can be carried out analytically.
Proposition 2 Suppose Fˆ ≤ a1, then it holds that
5EG(ρ) ≥ max
c∈
[
Fˆ√
a1
,
√
a1
] a1 − c21− c2
1−
 Fˆ√
a1
c+
√
1− Fˆ
2
a1
√
1− c2
2
 .
Proof Suppose ρ =
∑
j a˜j |ψ˜j〉〈ψ˜j | is an ensemble of ρ
that obtains the GME of ρ. Let c be a real number in the
interval [Fˆ /
√
a1,
√
a1]. Consider the sets of indices
J1 ={j : |〈ψ1|ψ˜j〉| ≥ c},
J2 ={j : |〈ψ1|ψ˜j〉| < c},
which form a partition of the set of all indices j. Intu-
itively, the set J1 consists of components with high fidelity
with |ψ1〉. Let µ =
∑
j∈J1 a˜j. We have
a1 =〈ψ1|ρ|ψ1〉
=
∑
j
a˜j |〈ψ1|ψ˜j〉|2
=
∑
j∈J1
a˜j |〈ψ1|ψ˜j〉|2 +
∑
j∈J2
a˜j |〈ψ1|ψ˜j〉|2
<µ+ (1− µ)c2,
thus
µ ≥ a1 − c
2
1− c2 ≥ 0,
which is lower bound for the sum of weights of compo-
nents whose indices belong to J1. Note that µ→ 1 when
a1 → 1 if c < √a1, and µ = 1 if a1 = c = 1. By the
definition of Fˆ , for any product pure state |φ〉, we have
Fˆ 2 ≥ 〈φ|ρ|φ〉 =
∑
i
ai|〈φ|ψi〉|2 ≥ a1|〈φ|ψ1〉|2,
thus
|〈φ|ψ1〉| ≤ Fˆ√
a1
.
On the other hand, there are states {φj} such that
EG(ρ) =1−
∑
j
a˜j |〈φj |ψ˜j〉|2.
By the triangle inequality of fidelity, for every j ∈ J1, we
have
arccos |〈φj |ψ˜j〉| ≥ arccos |〈φj |ψ1〉| − arccos |〈ψ1|ψ˜j〉|
≥ arccos
(
Fˆ√
a1
)
− arccos(c).
As Fˆ /
√
a1 ≤ c, the inequality above implies
|〈φj |ψ˜j〉| ≤ Fˆ√
a1
c+
√
1− Fˆ
2
a1
√
1− c2.
For j ∈ J2, we upper-bound the overlap via |〈φj |ψ˜j〉| ≤ 1,
thereby obtaining a lower bound for the GME of ρ as
EG(ρ) ≥ 1− µ
(
Fˆ√
a1
c+
√
1− Fˆ 2a1
√
1− c2
)2
− (1− µ)
= µ
(
1−
(
Fˆ√
a1
c+
√
1− Fˆ 2a1
√
1− c2
)2)
≥ a1−c21−c2
(
1−
(
Fˆ√
a1
c+
√
1− Fˆ 2a1
√
1− c2
)2)
.
Note that the above relation holds for any c ∈
[Fˆ /
√
a1,
√
a1], which concludes the proof.
In particular, if ρ is a pure state, then it holds that
a1 = 1. In that case, the lower bound in Proposition 2
reads
EG(|ψ1〉〈ψ1|) ≥ 1− Fˆ 2, (9)
which agrees with the definiton of GME on pure states,
indicating that our lower bound is tight in this case.
D. A demonstration: quantifying multipartite
entanglement with the MABK inequality
Combining all the above results together, we now
have a semi-device-independent approach to quantify un-
known multipartite entanglement. First, based on the
statistics data of the Bell experiment, we lower bound the
purity of the target state by using a proper nondegener-
ate Bell inequality, and then upper bound its maximal
overlap with a product pure state. Second, according to
the continuity of the GME, if the above two bounds are
good enough, we can obtain a lower bound for the GME
of the target state.
We now demonstrate that this approach indeed works
by quantifying the GME of a multipartite quantum sys-
tem with the MABK inequality (n = 3, 5). Recall that
we have known that this inequality is nondegenerate. At
the same time, we would like to stress that in principle
the approach can be applied on any multipartite quan-
tum systems with known dimensions.
There exist many configurations that achieve the max-
imum violation to the MABK inequality. For example,
let the state be
|Φ〉 = 1√
2
(
|0〉⊗n + e 2pii8 (n−1)|1〉⊗n
)
,
6FIG. 1: Lower bounds for the GME, where n = 3. Note that
the maximal Bell expression value is 2.
FIG. 2: Lower bounds for the GME, where n = 5. Note that
the maximal Bell expression value is 4.
then measure the observables σx and σy on each qubit.
That is, for each site, we select
M00 =|+〉〈+|,
M10 =|−〉〈−|,
M01 =|+i〉〈+i|,
M11 =|−i〉〈−i|,
where |±〉 = 1/√2(|0〉±|1〉) and |± i〉 = 1/√2(|0〉± i|1〉).
To obtain physical statistic data of the Bell experi-
ments, we perturb the state |Φ〉 and the above opti-
mal measurements, which produces a series of legitimate
quantum correlations. We then apply our approach to
each correlation. The result of our approach for n = 3 is
shown in Figure 1.
It turns out that when the Bell expression value is more
than 1.80, our approach is able to provide nontrivial re-
sult on the GME. As a comparison, the Tsirelson bound
for this case is 2. Furthermore, when the violation ap-
proaches the maximum, our approach gives a tight result
0.5, considering that the maximal violation is achieved
by |Φ〉.
Similarly, Figure 2 illustrates the result of our approach
on 5-partite qubit systems, where the same patterns with
the case n = 3 can be observed. Here, nontrivial GME
lower bounds can be obtained when the Bell expression
value is more than 3.60, where the Tsirelson bound is 4.
V. CONCLUSIONS
In this paper, we generalized the concept of nondegen-
erate Bell inequalities to multipartite case, and showed
that it is well-defined by proving that the MABK in-
equality is nondegenerate. Like in the bipartite case, we
showed that this concept allows us to lower bound the pu-
rity of a multipartite quantum state based on its statistic
data in Bell experiments, given that the dimension vector
is known beforehand. Combined with a upper bound on
the maximal overlap between the target state and prod-
uct pure states, the purity estimation in turn helps us
to lower bound the GME of the target state by prov-
ing a continuous property of the GME. Here, except the
dimension vector, we do not have to make any assump-
tion on the precision of physical operations, making our
approach a semi-device-independent one.
For future work, it will be interesting to strengthen our
approach further, say by introducing better continuous
property or better mechanism to exploit correlation data.
We hope the approach can be useful in a decent range of
quantum nonlocality that quantum experiments observe.
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